are mbGIRK2 and mbGIRK3 in mouse brain (Kobayashi ct al., 1995) , indicating an important role as a major target for G-protein-mediated receptor function and neuronal signal processing. This action likely is mediated by the stimulation of muscarinic mz, (Ye adrenergic, Dz dopamine, histamine, serotonin 1A (5-HT,,), A, adenosine, GABA,,, F--, K-and S-opioid, somatostatin, and possibly other G,,, protein-coupled receptors (North, 1989; Hille, 1992) . Interestingly. single-channel analysis revealed some physiological inhomogeneities among the channel proteins that have been proposed to be G-protein-activated (Pennefather et al., 1987; Yatani et al., 1987; vanDongen et al., 1988; Pennington et al., 1993) . At present, it is still uncertain whether these differences are attributable to the differential distribution of GIRK subfamily members, on splice variants that may exist in the brain, on the formation of hetero-oligomeric polypeptides, or on cell-specific regulation by accessory proteins. In this report, we demonstrate the molecular cloning and cellular localization of a fourth type of GIRK channel that coexists and may associate with hetero-oligomeric channels together with GIRKl-3 transcripts in the human hippocampus.
MATERIALS AND METHODS

M&W/W
clo~irrg I$ GIRK4. For genomic analysis. homology screening with a rat GIRKl probe (Dascal et al.. 1993b) Figure 2 . Structural models of the proposed membrane-spanning and Dare-formine domains of the human GIRK4. GIRKl-3. rat IRK1 ? Wischmeye; et al., 1995) , and the Drosophila B channel of Shaker (Tempel et al., 1987) . Open circles represent amino acids identical with, and solid circles show residues different (gray symbols represent nonconserved exchanges) from' GIRK4. The amino acid sequence identities to GIRK4 in the region shown are 89% (GZRM),
and 21% (Shaker). For GIRK4, the following sites have been chosen as domain boundaries: Ml (V92/YI 13); H5 (A139iR155); and M2 (1165/M186).
Kodak Biomax x-ray film (Rochester, NY) for 4-14 d. For cellular resolution, selected slides subsequently were dipped in photographic emulsion (NTB 2, Kodak), exposed for 4-12 weeks, and developed in Kodak D-19 for 3 min.
RESULTS
Molecular biology
Homology screening of a human leukocyte genomic DNA library with a radiolabeled GIRKl cDNA fragment revealed a genomic clone with an ORF that coded for a 419-amino-acid polypeptide with the typical structural motifs of other known K+ inward rectifiers (Fig. 1) . A conserved putative pore-forming region, H.5, is flanked by two transmembrane-spanning segments, Ml and M2; an N-linked glycosylation site at Asn'"' between Ml and H.5 suggests that the N and C termini of the protein are located at the intracellular side of the membrane. The human gene that we termed GZRK4 was similar (93% amino acid identity) to a "rat cardiac KATP" (rcKATP) channel that has been isolated recently from rat cardiac tissue and found to express ATP-sensitive K+ channels in human kidney HEK293 epithelial cells (Ashford et al., 1994) . In contrast to the equivalent rat gene, which we PCRamplified from rat genomic DNA, the human gene (hgGIRK4) was interrupted by a single intronic sequence at Thr"* in the middle of the C-terminal tail region. Figure 1 shows that, with respect to the rat sequence, the exchange of a single base at location 938 in the human gene reveals a classic 5'-exon-intron splice consensus sequence "AG/GTAAG."
The intron was partially sequenced and found to be -5.5 kb in size.
Using a C-terminal fragment of hgGIRK4 for homology screening, GIRK4 also was identified from a human hippocampal cDNA library. In addition, in a parallel screening series of the same library with a partial rat GIRKl probe, three different but closely related types of cDNA clones were identified. They likely were the human orthologs of the rat heart GIRKl (97% amino acid identity; Kubo et al., 1993b), mouse brain mbGIRK2 (97% amino acid identity; Lesage et al., 1994) , and mbGIRK3 (97% amino acid ~HT~ Figure 3 . Expression of GIRK4 and GIRKl channels elicits basal and agonist-dependent K+ current in Xenopus oocytes. Oocytes were injected with cRNA of GIRK4, GIRKl, or a combination of both in the absence or presence of the human 5-HT,, receptor as indicated on the right. High K+ (96 IIIM), low K+ (2 mM) solution, and 1 pM 5-HT were applied to the bath (arrows and solid bars) to the oocytes voltage-clamped at -80 mV. Dushed lines indicate the zero-current levels. Models of the channel pores are for illustration only.
identity; Lesage et al., 1994) , which suggests that mRNA transcripts of four GIRK subfamily members were present in human hippocampal tissue. The overall sequence identity between the human GIRK4 and GIRKl was 53%; it was 66% for GIRK3 and 69% for GIRK2. Smaller sequence homologies were found between GZRK4 and members of the IRK (43% to rat IRKl) and ROMK-family (38% to rat ROMKl). The striking structural similarities between the different putative members of the subfamily of GIRK channels were even more pronounced in a comparison of the conserved membrane/pore domains as shown in Figure 2 . The amino acid sequences in this region were dissimilar to IRK-type K' inward rectifiers and highly different from classic voltage-dependent K+ channels. Of particular interest was the ~85% amino acid identity between hgGIRK4 and the human GIRK2 counterpart in most of the C-terminal region that is likely to be involved in G-protein binding and blocking of the channel pore (Takao et al., 1994; Pessia et al., 1995 Functional expression of GIRK4 Mouse brain mbGIRK2 had been classified as a GIRK-type channel because it was activated by coexpressed G-proteincoupled S-opioid receptors in X. laevis oocytes (Lesage et al., 1994) . To demonstrate that GIRK4 also functionally belongs into this subfamily, we characterized the properties of GIRK4 expressed in Xenopus oocytes. Injection of GIRK4 cRNA induced the expression of a basal (agonist-independent, measured in 96 mM high-K+) inwardly rectifying Kt current that was 275 ? 124% (n = 7) larger in amplitude compared with currents measured in H,O-injected oocytes (n = 8; Fig. 3 ). When human G-proteincoupled SHT,, receptors (SHT,,R) were coexpressed with GIRK4, bath application of 1 PM 5-HT yielded an additional inwardly rectifying KC current component. With oocytes voltageclamped at -80 mV in high-K+ solution, peak current amplitudes were -182 2 82 nA in the absence and -482 t 122 nA in the presence of 5-HT (n = 7).
Because heteromeric polypeptide formation was suggested to occur in the heart for muscarinic K,,, channels (Krapivinsky et al., 1995), we investigated the coexpression of the human GIRK4 with rat brain GIRKl channel subunits in oocytes. To allow for a direct comparison of basal and SHT-dependent peak currents, oocytes were injected with equal amounts of cRNA encoding GIRK4, GIRKI, or a combination of both. Coexpression of cRNA encoding GIRKl, GIRK4, and the 5-HT,,R caused large, sometimes slowly desensitizing (cf. Kovoor et al., 1995) inwardly rectifying K+ currents (-4.92 2 2.03 PA, in high-K+ solution; n = 9) that were severalfold larger than for GIRK4 (see above) or GIRKl (-1.03 ? 0.79 PA, n = 7) alone (Fig. 3) . This current was enhanced dramatically by perfusion with 1 FM 5-HT (n = 7) elicited by GIRKl alone and returned to basal levels after removal of the agonist. Thus, GIRKl/GIRK4 coexpression caused an -3-and 23-fold current increase compared with GIRKl and GIRK4 alone, respectively (Fig. 4) . However, the overall amplitude relationship between the basal current and the 5-HT-induced current varied between 15 and 60%, independent of the total current amplitude or time period between injection and data acquisition.
Both the 5-HT-induced and the basal current component were dependent on the extracellular K+ concentration ([K+],,) and were sensitive to block by 100-300 PM BaCI, (data not shown). Oocytes injected with H1O (see above) or the S-HT,,R (n = 5) alone did not reveal any significant current responses-nor did oocytes that were injected only with GIRKI and GIRK4 cRNAs (n = 6) show a S-HT-induced component in addition to the basal, inwardly rectifying current (1,,,J observed in high-K' solution (Fig. 3) .
In contrast to Xcwop~~.s oocytes, GIRK4 transfccted together with S-HT,,R in HEK2Y3 cells (data not shown) and COS-7 cells (n = 27) did not rcvcal any macroscopic currents different from untransfected or mock-transfected cells (n = 7 each). Also, we and others (Kofuji et al., 1995; Krapivinsky et al., 19%; Philipson et al., lY9S) failed in attempts to achieve functional expression of the rat GIRKl cDNA in COS-7 (n = 34) and other mammalian host cells (Chinese hamster ovary, HEK293).
However, when GIRKI, GIRK4, and S-HT,,R were expressed in COS-7 cells via an SV-4U-based vector in triple transfections, all cells (~1 = 42) that were detcrmincd to be transfccted from visual inspection exhibited a basal, agonist-independent, inwardly rectifying K ' conductance -13.fold larger than untransfected cells (Fig. SA,B ).
Local perfusion with a saturating S-HT concentration (SO PM) increased the inward current in 32 of 42 cells by 86 ?z 20%. As found in oocytcs, a change in [K+] ,, caused the reversal potential of the S-HT-induced current to follow the Nernst potential (E,) for K* , suggesting K ' selectivity of the channel pores (Fig. S&C) .
Moreover, Ba' ' induced a concentrationand voltage-dependent current block in all cells tested (n = IO). Characteristically, the time constants for the onset of the Ba" inhibition (I mM) were markedly faster (T,,,, = 197 i-125 msec) than those for relief of inhibition (T,,~ = 7.67 !z 2.65 XC), indicating slow Ba' ' unbinding from the pore, as observed for other K' inward rectifiers (Wischmeyer et al., 1995) . Preliminary attempts to functionally express GIRK3 cDNA isolated from rat brain (E. DiRmann, unpublished data) revealed results qualitatively similar to those found for the coexprcssion of GIRKlIGIRK4.
Rat brain GIRK3 did not show functional expression in COS-7 cells when transfected alone (coexpressed with S-HT,,R), but gave rise to significant basal and S-HT-elicited inwardly rectifying K' currents when cotransfectcd together with GIRK4 and S-HT,,R (Fig. SC) . Because GIRK4 was found to be structurally similar to what has been referred to an rcK,,, (Ashford et al., 1994) , WC invcstigatcd whether GIRKIIGIRK4 could exhibit pharmacological properties characteristic of native K,, ,, channels. In whole-cell measurements of GIRKl/GIRK4-transfected COS-7 cells, the sulfonylurea K,-,., channel blocker glibenclamide (Edwards and Weston , 1093) configuration CBUSCS GIRK4IGIRKI channel activity to disappear instantaneously irrespective of the presence of ATP (I I?IM) i n the bath solution.
All current records wcrc filtered and digitized at I kHz.
rents (n = 7). Native KKl.,, channels open when intracellular ATP concentrations are decreased (Noma, lY83; Cook and Hales, 1984) ; however, after omission of ATP from the pipette solution, no increase in basal or S-HT-induced current over time (n = 3) was observed.
In the cell-attached recording configuration, single-channel activity of K,, channels with a unitary slope conductance of -36.3 + 0.7 pS (n = 6) was detected in GIRKl/GIRK4-cotransfected cells, but this activity was never recorded in either untransfected/ mock-transfected COS-7 cells or cells transfected with either of the two GIRK subunits alone (n > 23; Fig. 6 ). Channels appeared to be similar in unitary conductance and open probability to recombinant "cardiac inward rectifier" (CIRNGIRKI (Krapivinsky et al., 1995) and K,,.,, channels in rat atrial myocytes. Singlechannel activity disappeared instantaneously after patch excision into the inside-out configuration irrespective of the ATP concentration (0-l mM) in the bath solution (Fig. 6C) . Local perfusion with 100 ~.LM GTPyS in the presence 1 mM ATP after current run-down was found to restore channel activity. Cellular localization of GIRK4 Because human central nervous system (CNS) tissue appropriate for i/l sits hybridizations was difficult to obtain, we examined the distribution of GIRK4 in tissue sections from the rat with both radiolabeled cRNA and synthetic oligonucleotides of the rat GIRK4 homolog. In heart, high mRNA expression levels were found only in the atrium, but not in the ventricle (Fig. 7F) . In contrast, the general expression lcvcl of GIRK4 was very low in most regions of the CNS with both types of probes when compared with the abundant expression of GIRKl (Karschin et al., lYY4) and GIRK2IGIRK3 (C. Karschin, unpublished data) in the rat brain. Overall, mainly the hippocampus and superior colliculus appeared positive on x-ray films, but examination of emulsiondipped slides also revealed some distinct hybridization signals in other brain areas. In the hippocampal formation, cxprcssion was prominent in CA3 pyramidal neurons but only moderate to low in both CA1 neurons and dentate gyrus granule cells (Fig. 7A.B) . Many cells in the subiculum and entorhinal cortex of the hippocampal formation also were found to be positive. In the major target of retinal ganglion cells, the superior colliculus, the optic nerve layer-intermediate gray layer contained various strongly labeled cells (Fig. 70) . In the medial habcnular nucleus, a majority of cells were found to be positive, whereas only a few neurons were strongly labeled in both the medial vcstibular nucleus (Fig.  7E) and the septal nucleus. Diffuse hybridization signal also was observed in the inferior olive, the paraventricular thalamic, and the ventromedial-hypothalamic nucleus. In the cerebellar cortex, only the large Purkinje cells revealed positive hybridization signals (Fig. 7B) .
DISCUSSION
Based on the >Y3% amino acid sequence identity, the novel G-protein-activated K+ inward rectifier GIRK4 (or Kir3.4; for the alternative terminology, see Doupnik et al., 1995) likely rcpresents a human ortholog of the rcK,.,-,, (Ashford ct al., 1904) and CIR (Krapivinsky et al., lYYS), both isolated from rat heart. An uncharacterized clone of identical sequence from a human pancreatic library has been deposited in Genbank (accession number X83582). By isolating GIRK4 from a human hippocampal cDNA library, we showed that GIRK4 transcripts not only were not confined to cardiac tissue but were present in the CNS, as suggested for rcK,, ,, from reverse transcription-PCR (Ashford ct al., 1994) . Irz sits hybridizations on rat tissue pcrformcd in this report demonstrated only low to moderate RNA expression levels of GIRK4 in the CNS, with few areas (e.g., every single pyramidal neuron in the hippocampal CA3 region) of strongly labclcd cells. In contrast, abundant expression has been found for each of the other subfamily members GIRKI-3 throughout the rat brain (Karschin et al., 1904) (C. Karschin, unpublished data) .
When expressed in Xenopus oocytcs and COS-7 cells together with S-HT,,R, GIRK4 functionally assembled to K,,, channels that were subject to activation by S-HT. In the mammalian brain, S-HT,,R elicit IPSPs, possibly via GIRK channels in CAI pyramidal neurons of the rat hippocampus (Andrade et al., 1986) . The functional reconstitution of GIRK channel activation by coexpressed G-protein-coupled receptors indicated that, in both recombinant cell systems, endogenous G-proteins adequately completed the signaling cascade. The host cells also may have contributed to the expression of the agonist-independent "basal K' current" component that became particularly pronounced in elevated [K'], , . Dascal et al. (lYY3a) argued that this "I,,," current, because of its lower BaZ' sensitivity, was different from the basal activity of the same GIRK channels that were activated by the agonist. Although we found significant variations in the amplitude ratios of I,,, and the 5-HT-induced current, both components were potentiated equally by cocxpression of GIRKl/ GIRK4. This suggests that I,,, indeed was dominated by a GIRK current, the stimulation of which likely was attributable to a basal level of activated G-protein subunits (see also Kovoor et al., 1905) .
As has been demonstrated for classic voltage-dependent A-type K' channels in the brain (Sheng et al., 1993; Wang et al., 1993) coassembly between homologous subunits into heteromultimers also may occur in the family of K,, channels. Recently, it was demonstrated that the native G-protein-activated K' channel K AC,,, well known as the target for the muscarinic action in the mammalian heart, was comprised of the two homologous subunits, GIRKl and the rat CIR (Krapivinsky et al., 1995) . Comparable with the results obtained for the rat CIRiGIRKl coexpression, we found that the human GIRK4 also "associated" with other members of the GIRK family (GIRKl, GIRK3) to yield whole-cell K+ currents that were potentiated compared with those of the putative homomeric channels alone. Interestingly, coexpression of GIRK4 and GIRKl in mammalian COS cells revealed prominent whole-cell currents, whereas we were unable to record S-HT-induced currents in cells transfected with either of them individually. This apparent discrepancy between oocytes and a mammalian host cell may indicate that the cell-specific environment somehow influences protein assembly/channel activity of GIRK channels. Therefore, whenever GIRK-type channel subunits yield Ki channels, caution must be exerted when determining whether functional polypeptides are caused by a molecular association of the transfectediinjected subunits with channel subunits that occur endogenously in different cell types.
It remains to be determined whether any of the newly isolated channels represent the long-sought KArp channel. Ashford et al. (1994) reported that rcK,-,., (hence the name), expressed in the human HEK293 and hamster BHK21 kidney epithelial cell lines, produced classic K,,.,., channels of -70 pS unitary conductance that were activated by the K+ channel opener pinacidil and that the open probability of which decreased in the presence of micromolar concentrations of intracellular ATP. In the cDNA, no obvious structural motifs of a Walker A-type ATP-binding site, as seen in ROMK channels, could be identified. When expressed in Xenopus oocytes, neither the identical CIR nor the human ortholog GIRK4 showed any sensitivity to millimolar ATP concentrations, regardless of whether it was expressed alone or in conjunction with GIRKl. In addition, CIRIGIRK4 channels alone (15-30 pS) or together with GIRKl (-36 pS) revealed polypeptides with a unitary conductance significantly smaller than the 70 pS conductance typical of most K,,, channels in native tissues (Ashcroft and Ashcroft, 1990) . Furthermore, preliminary efforts failed to reconstitute the molecular association between the putative K,,, channel subunit rcK,,,/CIR and the recently cloned sulfonylurea receptor, SUR (Aguilar-Bryan et al., 1995) . From these data, and the distinct mRNA expression in heart and brain shown here, we conclude that the protein that confers ATP sensitivity to native K,,r,, channels is unlikely to be CIRGIRK4. Still another potential K,,.,, candidate is the recently identified UK&,.,,-1 channel that is ubiquitously expressed in rat pancreas, skeletal muscle, heart, and pituitary gland and shows only 44% amino acid identity to rcKAr,JCIR (43% to GIRKl; Inagaki et al., 1995) . Again, transient transfcction of uK~,.,-1 in HEK2Y3 cells yielded ATPsensitive and diazoxide-activated, mildly inward rectifying 70 pS Kt channels. In our rcscarch, however, wild-type untransfected HEK293 cells exhibited endogenous ATP-sensitive K+ channels (E. Wischmeyer, unpublished data); thus, the true nature of K,-r,, channels should be verified in other host cell systems.
What functional role, then, can be attributed to GIRK4? From its structural similarity to GIRKl-3, it may be capable of assembling by itself or in combination with either of the other subfamily members to form functional channel structures, as has been suggested for classic voltage-dependent and, very recently, K,, channels (Kofuji et al., 1995) . In the rat atria, where both GIRKl and GIRK4 appear to be expressed strongly, size-exclusion chromatography defines a hetero-oligomeric complex of 480-520 kDa containing both GIRKl and CIR proteins in as yet unknown stoichiometry (Krapivinsky et al., 1995) . If so, heteromerizations may not be confined to the GIRK subfamily but, rather, may be found across subfamily borders with ROMK-and IRK-type channels as well. The recognition and assembly sequences that restrict subunit heteromerization within the Shaker K' channel subfamily have been confined to two 30. to ho-amino-acid stretches in the Tl region of the N-terminal domain of the protein (Li et al., 1992; Shen and Pfaffinger, 1995) . By analogy, it should bc possible to define equivalent regions in GIRK-type subunits that control the compatibility with members of other K,,, channel subfamilies. It is of particular interest to note that GIRK4ICIR coexpression dramatically increases the current responses of GIRKlIGIRK3 channels severalfold, which is not based on differences in unitary channel conductance alone. If GIRK4 regularly forms heteromerit channels with GIRKI-3 subunits, it is unclear why its cellular expression levels do not match the vastly abundant expression of the other subfamily members in the rat brain. Thus, in addition (or alternative) to the formation of heterotetrameric channel proteins, GIRK4 may play a role in facilitating processing, targeting, or assembly of GIRK-type channel proteins. The fact that GIRKl protein could be detected by cellular immunoassays in HEK293 cells that lacked functional channel expression (Philipson et al., 1995) indicates that GIRKl channels in various mammalian cells may be processed inadequately on their way to the membrane. GIRK4 subunits may function to support the process of protein maturation. So far, except for larger basal and receptor-activated macroscopic currents, no other functional alterations that concern gating by G-protein subunits or regulation by intracellular ligands have been detected in coexpression studies. Nevertheless, our observation that GIRK4 and three other members of the GIRK subfamily in the living rat brain are expressed in the same tissue and eventually the same ceils (e.g., hippocampal CA3 pyramidal neurons) may have functional consequences. Together with the possibility of alternatively spliced transcripts and the various forms of cell-specific channel regulation via signaling pathways, the multiple possible combinations among GIRK channel subunits may account for the physiological diversity observed in this important family of K' channels. Expression of an atrial G-protein-activated potassium channel in Xerwp~~s oocytes. Proc Natl Acad Sci USA 90:6.596-6600.
